Two extended haplotypes exist across the tau gene-H1 and H2-with H1 consistently associated with increased risk of progressive supranuclear palsy (PSP). Using 15 haplotype tagging SNPs (htSNPs), capturing >95% of MAPT haplotype diversity, we performed association analysis in a US sample of 274 predominantly pathologically confirmed PSP patients and 424 matched control individuals. We found that PSP risk is associated with one of two major ancestral H1 haplotypes, H1B, increasing from 14% in control individuals to 22% in PSP patients (P < 0.001). In young PSP patients, the H1B risk could be localized to a 22 kb regulatory region in intron 0 (P < 0.001) and could be fully explained by one SNP, htSNP167, creating a LBP-1c/LSF/CP2 site, shown to regulate the expression of genes in other neurodegenerative disorders. Luciferase reporter data indicated that the 182 bp conserved regulatory region, in which htSNP167 is located, is transcriptionally active with both alleles differentially influencing expression. Further, we replicated the htSNP167 association in a second, independently ascertained US PSP patient -control sample. However, the htSNP association showed that H1 risk alone could not explain the overall differences in H1 and H2 frequencies in PSP patients and control individuals. Thus, risk variants on different H1 htSNP haplotypes and protective variants on H2 contribute to population risk for PSP.
INTRODUCTION
Progressive supranuclear palsy (PSP) is the second most common form of parkinsonism after Parkinson disease (PD) (1) . Distinctive clinical features include vertical supranuclear gaze and pseudobulbar palsy, early postural instability and progressive subcortical dementia (2) . Abundant subcortical neurofibrillary tangles (NFTs) and neuropil threads of hyperphosphorylated tau protein characterize PSP neuropathologically. The deposition of hyperphosphorylated tau in neurons as fibrillar structures of varying morphology is also seen in # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org other neuropathological disorders including Alzheimer's disease (AD), frontotemporal dementia (FTD), Pick's disease, corticobasal degeneration (CBD) and argyrophilic grain disease, collectively known as tauopathies.
Tau is a microtubule (MT)-associated protein that promotes MT assembly, increases MT stability and plays a role in maintaining neuronal integrity and axonal transport (3, 4) . Tau binding to MT is mediated by imperfect repeats of 31 or 32 amino acid residues encoded by exons 9-12 of the tau gene (MAPT, MT-associated protein tau) located at 17q21. 31 . In adult human brain, six major tau isoforms are generated by alternative mRNA splicing (5) . Alternative splicing of exon 10 results in two major classes of tau isoforms with three repeat (3R) or four repeat (4R) MT binding domains. In PSP, selective deposition of 4R tau isoforms was observed, although 3R and 4R levels in soluble tau were normal suggesting that alternative splicing of exon 10 is not altered in PSP (6) . Identification of MAPT mutations in rare familial forms of FTD with parkinsonism linked to chromosome 17 pointed to a central role of tau pathology in neurodegeneration (7 -9) . Forty different MAPT mutations have been identified (http://www.molgen.ua.ac.be/FTDMutations) in patients that were clinically and pathologically characterized by variable neurodegenerative conditions including atypical PSP (10, 11) . In addition to the highly penetrant MAPT mutations, common genetic variations have been identified in MAPT, which constituted two major MAPT haplotypes (H1 and H2) in a 1.3 Mb genomic region (12 -15) . Association of the common haplotype H1 (80%) with increased PSP risk has been consistently replicated in different Caucasian populations worldwide (12,16 -19) . Significant H1 associations were also reported in two CBD populations (20, 21) and in a genetically homogeneous PD population from Norway (22, 23) . Recently, Stefansson et al. (24) and we (25) showed that MAPT is flanked by inverted low copy repeats that likely mediated inversion of the 570 kb MAPT segment, explaining the extended LD and suppressed H1/H2 recombination in the MAPT region.
To investigate whether specific genetic variants in MAPT on the H1 haplotype are responsible for the increased PSP risk, we analyzed a highly informative panel of 15 haplotype tagging SNPs (htSNPs) for genetic association in a large US PSP patient -control sample. To optimize our chances to finemap the associated genetic susceptibility in MAPT, we stratified the large US sample for age and PSP pathology. The association was subsequently replicated in a second independently ascertained US PSP patientcontrol sample.
RESULTS

H1 -H2 extended haplotype association
We genotyped htSNP16 in the US patient -control sample and analyzed association with the MAPT extended haplotypes H1 and H2 in the overall sample as well as in the age and pathology strata (Table 1 ). In the overall sample, highly significant association was calculated for H1/H1 versus H1/H2 þ H2/ H2 with an odds ratios (OR) for PSP of 3.9 (95% CI 2.6 -5.9). The strongest H1/H1 risk association was obtained in the subgroups of young PSP (OR ¼ 5.1; 95% CI 2.6-10.1) and PSP-pure (OR ¼ 4.1; 95% CI 2.1-8.1) patients.
Single H1 htSNP associations
We genotyped the 14 H1 htSNPs in the four LD blocks along MAPT in the US patient -control sample (Fig. 1A) . In the overall sample, significant allelic associations were seen with five htSNPs with the strongest association observed with htSNP167 in block 2 resulting from a significant 11.6% increase of the allele A (OR ¼ 1.6; 95% CI 1.2-2.0; P , 0.001) ( Table 2 ). Significant associations were also observed with three htSNPs located within MAPThtSNP364, htSNP510 and htSNP519-and htSNP563 localized 3 0 of exon 13/14 (Fig. 1A) . Genotypic association was only significant for htSNP167 (OR A/A versus A/G þ G/G ¼ 1.7; 95% CI 1.1-2.5; P ¼ 0.008) (data not shown). Association analyses in the age-strata showed allelic association in patients with age at death 75 only with htSNP167 in LD block 2, whereas in patients with age at death !76, the same five htSNPs as in the overall analysis gave significant association ( Table 2 ). The htSNP167 association was strongest in young PSP patients and resulted from an increased allele A frequency of 15% (age at death 75: OR ¼ 2.2; 95% CI 1.6 -3.1; P , 0.001 and age at death !76: OR ¼ 1.5; 95% CI 1.1 -2.0; P ¼ 0.005). In addition, logistic regression analysis in the overall sample showed evidence of an interaction of age with the allele A of htSNP167 with the OR approximately doubling with a reduction of 10 years in age (OR ¼ 2.0; 95% CI 1.3 -3.0; P ¼ 0.002). Allelic association with htSNP167 was also stronger in the PSP-pure patients (P , 0.001) compared with the PSP-plus patients ( Table 2 ). As expected from the high proportion (63%) of patients with an age at death 75 included in the PSP-pure group and the high proportion (65%) of patients with an age at death !76 in the PSP-plus group, the genetic findings in the PSP-pure and PSP-plus groups largely mirrored the association results obtained in the young and old PSP patients. Further stratified association analyses were therefore only performed in the young and old PSP groups.
H1 htSNP subhaplotype associations
We estimated htSNP subhaplotype frequencies in LD blocks 1, 3 and 4 in the US patient -control sample; LD block 2 with only one htSNP is represented by allelic frequencies of htSNP167. In the overall sample, htSNP subhaplotype distributions were significantly different in blocks 1 and 4 (Table 3 ). In LD block 1, the association was primarily accounted for by a 9% increase of H1-B1B (CGTGT) (P H1-B1B ¼ 0.002), and in LD block 4 by an 8% increase of H1-B4C (GCTG) (P H1-B4C ¼ 0.002). Although not significant, we also observed a 5% increased frequency of H1-B3B (GCGG) in LD block 3. Moreover, highly significant association was observed for the ancestral H1 subhaplotype, H1B (CGTGT-A-GCGG-GCTG), increasing from 14% in control individuals to 22% in PSP patients (P ¼ 0.002). Haplotype association analysis in the age strata indicated that htSNP subhaplotype distributions for LD blocks 1, 3 and 4 were not associated within the subgroup of young PSP patients (Table 4 ). In the old PSP patients, htSNP subhaplotype distributions in blocks 1, 3 and 4 were significantly different only in LD block 4 (P ¼ 0.046). This association was primarily accounted for by an 8% increase of H1-B4C (GCTG) (P H1-B4C ¼ 0.01). In addition, the ancestral H1 subhaplotype H1B (CGTGT-A-GCGG-GCTG) showed a strong association (P ¼ 0.002) in old PSP patients.
High-density SNP mapping
To finemap the H1 genetic risk for PSP detected with htSNP167, we selected a genomic region of 63 kb between htSNPs SNP120 and SNP364 extending into LD blocks 1 and 3 by at least 20 kb (Fig. 1B) . In this region that spanned Table 4 ). Genotypic associations for htSNP167 and SNP421 in the H1/H1 individuals were P ¼ 0.002 with ORs (A/A versus A/G þ G/ G) of 2.2 (95% CI 1.3 -3.7) for htSNP167 and 2.3 (95% CI 1.4 -3.9) for SNP421 (data not shown). Haplotype association analysis using sliding windows of three SNPs was significant within a region of seven SNPs (SNP191 -htSNP319) with the highest significance observed for htSNP167-SNP195 -SNP421 (P , 0.001) (Fig. 2) . Sliding window analysis using two-SNP haplotypes showed significant association within a 22 kb interval (SNP162 -SNP243) when the haplotype included either htSNP167 or SNP421. The most significant association was observed when both htSNP167 and SNP421, which showed a high degree of LD with D 0 ¼ 0.97, were combined (P , 0.001) (data not shown).
Transcriptional effect of htSNP167A>G
Of the SNPs in the 22 kb candidate interval, including 10 rare SNPs (minor allele frequency , 5%) that we previously identified in our resequencing effort (Fig. 1C) , 11 SNPs altered one or more putative transcription factor binding sites (Table 5 ). However, only htSNP167 was located in a region that was highly conserved compared with chimpanzee, dog, mouse and rat (Fig. 1D) . The degree of conservation in this 182 bp region (91.5%) was higher than that of MAPT exon 1 and suggested the presence of functionally important cis-elements. In silico analysis showed that the allele A of htSNP167 abolished putative binding sites for the CP2-erythrocyte Factor related to drosophila Elf1 (LBP-1c/LSF/ CP2, short CP2) (core/matrix similarity 0.83/0.843) and for the Se-Cys tRNA gene transcription-activating factor (STAF.01) (core/matrix similarity 1/0.805) ( Table 5) .
To test whether the 182 bp fragment surrounding htSNP167 contained functional elements, we used a luciferase reporter gene analysis. We cloned the 182 bp fragment of the MAPT regulatory region in intron 0 upstream of the minimal SV40 early promoter and obtained significantly enhanced transcription in transiently transfected non-neuronal (HEK293, P , 0.001) and neuronal (N2a, P , 0.001) cells (Fig. 3A) . Both htSNP167 alleles, increased expression with allele G showing a small (16%) but significant (P , 0.001) higher increase in activity than allele A in N2a cells. When we used a fragment of the MAPT H1 proximal promoter, the luciferase expression in mouse and human neuroblastoma Age at death !76 years (n ¼ 239) cells was significantly higher than in the SV40 promoter (P , 0.001) (Fig. 3B ). When we cloned the 182 bp regulatory fragment upstream of the H1 promoter, luciferase activity of both htSNP167 alleles differed again by 31% in N2a cells and 27% in SHSY-5Y cells (P , 0.001, Fig. 3B ).
Replication of htSNP167 association
We replicated the htSNP167 association in an independent US PSP patient -control sample that showed significant association when examining the extended MAPT haplotypes H1 and H2, with an OR for H1/H1 versus H1/H2 þ H2/H2 of 5.0 (95% CI 3.0-8.4). Significant allelic association was calculated with htSNP167 resulting from a 9% increase of allele A (OR ¼ 1.4; 95% CI 1.1-1.9; P ¼ 0.01) ( Table 6 ). When only young, pathologically confirmed PSP patients were considered (n ¼ 30), the allele A frequency of htSNP167 further increased to 58.6% compared with 46.3% in control individuals; however, this finding did not reach significance because of the small number of patients in this subgroup (P ¼ 0.07). When patient and control groups of both US association samples were compared, similar htSNP167 allele distributions were obtained (P homogeneity ¼ 0.52), and a highly significant association of PSP with htSNP167 was obtained in the overall combined US patient -control samples (P , 0.001).
DISCUSSION
In this study, we were able to refine the genetic association of PSP within MAPT by detailed association analysis in one of the largest known collections of pathologically confirmed PSP patients worldwide, using a highly informative htSNP panel capturing . 95% of MAPT haplotype diversity. Previous attempts to finemap PSP risk in MAPT had been less successful because of lack of power in the experimental patientcontrol samples, and absence of a detailed high-density SNP map and full knowledge of the LD substructure of MAPT.
We showed that PSP risk in the extended US PSP patientcontrol sample originated on one of the two major ancestral MAPT H1 subhaplotypes, H1B (P , 0.001), which had a frequency of 14% in US control individuals comparable to what we previously observed in other Caucasian control samples (25, 26) (unpublished data). In the overall sample, the highest significance was obtained in LD block 2 spanning 10 kb of regulatory sequences in intron 0 of MAPT and tagged by htSNP167 (P , 0.001). In the age and pathology stratified analyses, we also observed highly significant genotypic association with htSNP167 in young and PSP-pure patients (P ¼ 0.002), which remained significant when we performed a Bonferroni correction to adjust for multiple testing. As the stratified data were highly similar in the young and PSPpure patients, overlapping by 63%, further stratified analyses were performed only in the age strata. In young PSP patients, only 5% of the allele A-tagged htSNP167 subhaplotypes corresponded with the ancestral H1B, whereas all others represented different recombined derivatives of H1B explaining the finemapping to LD block 2. In contrast, in the old PSP patients, the htSNP167 allele A association was explained nearly entirely by association to H1B (P 0.002). Our data in the US sample suggested that the genetic H1 risk variants for PSP in intron 0 are old mutations that appeared on H1B and have been separated over time by recombination in flanking regions that define the current LD block structure in MAPT. In young patients, the larger genetic component of the disease or greater genetic homogeneity allowed finemapping of these functional variants to MAPT intron 0. In contrast, in the old patients, the genetic risk variants could not be finemapped possibly because these PSP subgroups are indeed more genetically heterogeneous with other weaker modifiers existing on H1B beyond htSNP167. Next we finemapped the young PSP risk to a region of 22 kb in LD block 2 surrounding htSNP167 and located upstream of exon 1, 48 kb downstream of the major transcriptional start site (27) . Significant association with young PSP was observed only with subhaplotypes that included htSNP167 or SNP421. When haplotype frequencies composed of htSNP167 and SNP421 were estimated in young PSP patients, a 15% increase of haplotype A -A was observed in the US sample. In an attempt to replicate the significant association in the 5 0 regulatory region of MAPT, we analyzed htSNP167 in a second, independently ascertained US PSP patient -control sample that predominantly comprised clinical diagnosed PSP patients and identified significant allelic association in the replication sample (P ¼ 0.01) and in the combined samples (P , 0.001).
Recently, Pittman et al. (28) published association data from a PSP patient -control sample that overlapped with the extended US sample we used in our study. They identified two common ancestral H1 subhaplotypes, B and C, which could correspond to, respectively, H1A and H1B that we identified on the basis of MAPT resequencing and LD mapping (25) (unpublished data). They identified a 56.3 kb interval on subhaplotype C spanning a region starting in exon 0 to intron 9. We were able to significantly reduce the candidate region, because we analyzed the data in the most genetic and homogenous group of young PSP patients and made optimal use of our high-density SNP map. Nevertheless, their data is likely to be consistent with ours, as htSNP167 (rs242557) on subhaplotype C also gave the highest significant association in their study (P , 0.001). Also of interest is that in a Norwegian PD sample an H1 subhaplotype containing SNP421 (rs242562) defined the PD-associated risk (23) . In addition, we recently identified a protective two-SNP haplotypes including htSNP167 spanning 1 kb in MAPT intron 0 in a Belgian late-onset PD sample (age at onset 76) (26) . Together these data support a role for altered regulation of transcription due to specific genetic variants in intron 0 of MAPT underlying the risk in different neurodegenerative brain diseases characterized by tauopathy.
The most parsimonious explanation for the PSP association, we observed in our analyses, is that a functional variant influences the regulation of transcription of MAPT resulting in increased risk for disease. In silico analysis further indicated that htSNP167 was located in a highly conserved 182 bp sequence (Fig. 2D ). htSNP167A.G created an LBP-1c/LSF/ CP2 binding site that belongs to a family of transcription factors regulating genes involved in development and cell fate determination and has previously been shown to regulate the expression of genes associated with neurodegenerative disorders (29 -31) . The absence of the LBP-1c/LSF/CP2 site in carriers of the htSNP167 allele A may affect MAPT expression overall or under specific circumstances (e.g. stress), which could in turn modify the risk for developing PSP.
Initial reporter gene analyses showed that the 182 bp fragment was able to enhance SV40 promoter driven luciferase activity confirming that it contained functional cis-elements. Also an artificial construct, in which the 182 bp fragment was cloned upstream of an active MAPT H1 promoter fragment, showed that the htSNP167 alleles A and G had differential effects on H1 promoter driven luciferase activity in neuronal cells. The observation that allele G rather than the risk allele A increased promoter activity may seem counterintuitive but should not be considered as biologically relevant. In our construct, the 182 bp regulatory sequence was cloned upstream of the H1 promoter to test its effect on H1 expression dependent on the htSNP167 allele. An experimental approach using a larger genomic construct of the MAPT regulatory region would be needed to better mimic the in vivo situation. In summary, we have shown that the allele A of the functional htSNP167, located on the ancestral MAPT H1B haplotype, is associated with PSP in two independent US PSP patient -control populations. In our combined US sample, the risk for PSP associated with htSNP167 is predominantly accounted for by an increase in the frequency of the homozygous genotype A/A, suggesting a recessive or a gene dosedependent mode of inheritance. However, htSNP167 alone does not completely account for the PSP association with the extended MAPT haplotype H1 in the US population. This is clear, as removal of individuals carrying the htSNP167 genotype A/A from the analysis did not completely eliminate the association based on H1 and H2 frequencies in the remaining US patients and control individuals (OR reduced from 4.6 to 4.2). This implies that in addition to high-risk H1 subhaplotypes (e.g. tagged by htSNP167 allele A), H2 itself behaves as a protective haplotype that accounts for a major component of the H1 -H2 association with PSP in the US population. The protective effect of H2 may reflect the functional impact of one or more H2-specific genetic variants and indeed the H2 tau promoter has recently been reported to show reduced activity in reporter gene assays (32) . Reduced tau expression may well explain the protective effect of H2 in PSP, as lowered total tau levels might slow the process of aggregation, NFT formation and thus prevent or delay PSP onset. In addition, as MAPT H1 and H2 are inverted (24, 25) , it is tempting to speculate that the inversion is involved in conferring a protective effect to H2, for example by altering the higher order structure in this region leading to differential expression of H1 and H2. However, importantly, the observed MAPT inversion does not contradict our identification of htSNP167 allele A as a high risk H1 variant because in this study, we finemapped PSP risk on H1. Future studies based on our findings in the US PSP populations should help determining the underlying functional basis for the association between PSP and MAPT haplotypes. This will in turn have important implications for understanding the etiology of PSP and other neurodegenerative tauopathies and for identifying potential therapeutic targets.
MATERIALS AND METHODS
PSP patient -control samples PSP society US sample. We selected 244 patients, collected between 1993 and 2004, with a primary pathological diagnosis of PSP and with frozen material available, from the Mayo Clinic (Jacksonville) brain bank. The majority of the patients (n ¼ 208) were obtained through the Society of PSP brain bank. Patients from the following studies were also included in the analysis: Mayo Clinic Alzheimer Disease Center (n ¼ 4), Mayo Clinic PD Center (n ¼ 12), Alzheimer Disease and Related Disorders Association (n ¼ 5) and the Florida AD Initiative (n ¼ 15). Two additional pathologically confirmed PSP patients were obtained from the Northwestern University ADC. Pathological assessment of the patients was as previously described (33) . The mean age at death in the complete sample was 75.6 + 7.7 (range 53 -98). In addition, a total of 30 clinically defined patients of PSP were also included in the analysis. Twenty one patients were collected from 1998 to 2002 at the Henry L. Jackson Foundation/ National Institutes of Health. Additional clinical patients were recruited from the Mayo Clinic (Jacksonville) Movement Disorders Clinic (n ¼ 4), Mayo Clinic (Scottsdale) (n ¼ 2), the University of Minnesota (n ¼ 1) and the University of British Columbia (n ¼ 2). The mean age at collection for the clinical patients was 68.1 + 7.4 (range 47 -83). A total of 424 age and gender matched cognitively normal control individuals were obtained through the Normal and Pathological Aging protocol at the Mayo Clinic (34, 35) . All patients and control individuals were Caucasian, from the USA and Canada.
In the stratified analyses, we used pathologically confirmed PSP patients (n ¼ 244) that comprised two groups, i.e. patients with pathological findings consistent with PSP-alone ('PSPpure', n ¼ 87) and those whose primary pathological diagnosis was PSP but who also had a major secondary pathology such as AD-like amyloid plaques ('PSP-plus', n ¼ 157). In addition, we stratified the PSP patient group by age; we chose an age at death of 75 as cut-off age to roughly match numbers in the young PSP ( 75, n ¼ 106) and PSP-pure patient groups. (34, 35) . All patients and control individuals were Caucasian from the USA and Canada.
MAPT genomic sequencing
We performed an extensive MAPT genomic sequencing in 23 Caucasian Dutch-speaking individuals (25) (unpublished data). This large-scale MAPT sequencing effort served multiple goals: (i) genomic mutation analysis in related individuals, i.e. four FTDU-17 patients linked to 17q21 and three unaffected non-segregating siblings (25) , (ii) high-density SNP detection in unrelated individuals, i.e. eight PSP and two CBD patients and (iii) six community control individuals. The ten sporadic tauopathy patients were recruited in a prospective Belgian study of neurodegenerative and vascular dementia (36) , were diagnosed based on NINCDS-PSP criteria and had a mean onset age 67.6 + 7.8. The 23 individuals together represented 43 unrelated chromosomes of which 36 carried H1 and seven H2. We sequenced a genomic region of 138.5 kb of MAPT (GenBank accession number NC_000017.9 from position 41323746 -41462318), including 3.9 kb upstream of exon 0 and 3.7 kb downstream exons 13/14, which were conserved in rodent. PCR primers were developed to cover the complete genomic sequence with the exclusion of long stretches of interspersed repeat elements using SNPbox (37) . Standard PCR reactions were performed and amplification products were purified, sequenced in both directions using the BigDye Terminator Cycle Sequencing v3.1 (Applied Biosystems) and analyzed on an ABI3730 DNA analyzer (Applied Biosystems). Sequences were analyzed using NovoSNP (38) and by visual inspection of the sequence reads. No causal mutations were detected in the FTDU-17 patients (25) . In the ten sporadic tauopathy patients, we identified 30 patientonly genetic variants of which 14 were absent in 102 unrelated community control individuals (Supplementary Material, Table S1 ). Subsequent analysis of the 14 SNPs in 80 unrelated US PSP patients identified SNP163 (g.54661A/T) and SNP461 (g.127153_127154delCT) in one patient each.
In total 577 genetic variants were observed in the MAPT genomic sequence of which 424 variants (388 SNPs and 36 indels) were assigned to H2 based on their absence in H1/ H1 individuals (n ¼ 16) and their heterozygosity in H1/H2 individuals (n ¼ 7). The remaining 153 were designated H1 variants (140 SNPs and 13 indels). For H2 genotyping, we selected SNP16 (g.8117G.A; numbering for this SNP and all genetic variants relative to AC091628.2) located in intron 0 as ht SNP. Validation of SNP16 in 91 Belgian PD patients showed complete LD of SNP16 with two previously published H2 SNPs, SNP9i (g.109929A.G) and SNP9ii (g.110013T.C) (12) .
LD substructure of MAPT
Pairwise measures of linkage disequilibrium (LD) were calculated using Ldmax (http://www.sph.umich.edu/csg/abecasis/ GOLD/docs/ldmax.html). In the LD mapping of MAPT, we used only the 85 common H1 variants with rare allele frequencies of !5%. Further, we excluded 42 H1 variants from further analyses as they showed complete LD with at least one other H1 variant in the pairwise analyses. As we used pyrosequencing as SNP genotyping method, we preferred SNPs to indels. The remaining 43 H1 variants were genotyped in 51 control triads ascertained in Flanders. One SNP, SNP162, was excluded from the LD analysis as in 7.9% of control individuals, the rare H1 allele was observed on H2. We defined four LD blocks that spanned 45 kb including exon 0 and the 5 0 part of intron 0 (block 1), 10 kb in intron 0 (block 2), 63 kb of the 3 0 end of intron 0 and exons 1 -9 (block 3) and 20 kb comprising exons 10 -13/14 (block 4) (Fig. 1A) . In each LD block, we estimated common H1 subhaplotypes (frequency !2%) in the parental chromosomes in which subhaplotypes could be set unambiguously and obtained nine subhaplotypes in block 1 (n ¼ 17), seven in block 3 (n ¼ 18) and six in block 4 (n ¼ 6) representing 87, 85 and 96%, respectively, of the H1 subhaplotype diversity. Block 2 contained only one common H1 SNP, SNP167. Using the computer program Tag'n'Tell (http://snp.cgb.ki.se/ tagntell/), we selected 14 htSNPs-five in block 1, one in block 2 and four in blocks 3 and 4 each (Fig. 1A) -tagging together 94% of MAPT H1 haplotype diversity. Together with H2 SNP16, the htSNP panel captured 95% of MAPT haplotype diversity. In the US control chromosomes (n ¼ 632), the two ancestral MAPT H1 haplotypes, H1A (CTTGA-G-ACAG-ATTA) and H1B (CGTGT-A-GCGG-GCTG), had frequencies of 20 and 14%, respectively, similar to those we previously observed in Belgian (n ¼ 291, H1A ¼ 19%; H1B ¼ 14%), French (n ¼ 412, H1A ¼ 22%; H1B ¼ 15%) and Spanish (n ¼ 84, H1A ¼ 19%; H1B ¼ 13%) control samples (25, 26) (unpublished data).
SNP genotyping
MAPT H1 and H2 haplotyping was performed by htSNP16 (g.8117G.A) with the allele G tagging H1 and the allele A tagging H2. htSNP16 genotyping was performed by pyrosequencing on a PSQTM pyrosequencer using 5 0 -bio-CCT CTG TCG ACT ATC AGG TAA GC-3 0 and 5 0 -CTT GCT CAG GTC CCT TTC C-3 0 as PCR primers and 5 0 -CGG CGC ACG AAG C-3 0 as reverse sequencing primer. Pyrosequencing assays were also developed for all H1 htSNPs except for htSNP352 (g.97065C.T) and for 10 additional H1 SNPs selected for high-density SNP LD mapping (Supplementary Material, Table S2 ). htSNP352 and SNP355 (g.96899A/G) were genotyped by direct sequencing. For all known H1 SNPs that were analyzed in this study, rsnumbers are included in Supplementary Material, Table S2 .
Statistical analyses
Hardy Weinberg equilibrium (HWE) was calculated for the all htSNPs using the HWE program and all patient and control populations were in HWE (39) . For single H1 htSNP association analysis, two different strategies were applied to compensate for the significant differences in relative numbers of H1 chromosomes between PSP patients and control individuals. For allelic single htSNP association, we used all H1 htSNP haplotypes including H1/H1 þ H1/H2 individuals as all htSNPs were invariable on H2. Genotypic single htSNP associations were assessed using Genepop (http://wbiomed. curtin.edu.au/genepop/) in subpopulations of H1/H1 patients and control individuals. To investigate H1 haplotype associations, we used the score method of Schaid et al. (40) . Only haplotypes with an estimated overall frequency of !5% were considered for these analyses. The P-values reported are those based on asymptotic assumptions. These assumptions were verified also by calculating simulation P-values based on 1000 random permutations of patient and control labels and results were found to be consistent. The H1 htSNP haplotypes of H1/H2 individuals were included by separating out the H1 haplotypes and randomly pairing these up to create a set of pseudo-H1/H1 individuals to add to the pool of H1/H1 individuals. Although overall results were not found to be sensitive to this random pairing, this process was repeated 11 times for each analysis, and the results of the analysis giving the median overall P-value for haplotype associations are reported. In the age-stratified analysis, the control group was used as a whole, because none of the single htSNPs allelic distributions was significantly different when comparing young versus old control individuals grouped on the basis of median age of 75 at inclusion. The level of significance was defined as P , 0.05. OR are shown with their 95% CI.
Sequence predictions of functional elements
Transcription factor binding sites were identified in the 22 kb candidate region from 54720 to 76720 in AC091628.2 with MatInspector (41) using a core similarity cut-off value of 0.75 and an optimized matrix similarity threshold. Conserved sequences and TFBS were detected using the VISTA tools (http://www-gsd.lbl.gov/vista/index.shtml). MatInspector was applied to investigate the effect of SNP167A.G on putative transcription factor binding sites using a core similarity cutoff value of 0.75 and an optimized matrix similarity threshold.
Luciferase reporter constructs
To test whether the 182 bp conserved regulatory region, located 47946 -48127 bp downstream of the major MAPT transcription initiation site (27) in intron 0 of MAPT, contained regulatory elements, we amplified genomic DNA of an H1/H1 individual using primers 5 0 -ggggtaccccTTGATGATGCATG GACCTCTCT-3 0 and 5 0 -tccccccggggggaAAGCAAAA GAAAGACTGTGGAAGG-3 0 . The H1/H1 individual was selected for homozygosity except htSNP167A.G using genomic sequencing. The primers contained a Kpn I and an Xma I, respectively, site for cloning of the 182 bp fragment upstream of the SV40 early promoter of the firefly luciferase gene in the pGL3-Promoter vector (Promega). Similar experiments were performed using, instead of the SV40 promoter, the H1 MAPT proximal promoter, which we defined as a 1.1 kb genomic fragment of 2911/ þ 190 including exon 0 (positions relative to the major MAPT transcription start site at nt 7805 in AC091628.2). The promoter fragment was obtained by PCR amplification of genomic DNA of an H1/ H2 individual using primers 5 0 -tccccccggggggaCTGCCC TAAACCCCCCTACA-3 0 and 5 0 -ggaagatcttccCAGCGGAG GAGGAGAAGGT-3 0 , and sequencing indicated that it did not comprise H1 SNPs. The primers contained an Xma I and a Bgl II site, respectively, for cloning upstream of the firefly luciferase gene in the pGL3-Basic vector (Promega). Both htSNP167 alleles of the 182 bp regulatory fragment were subcloned upstream of the MAPT H1 promoter using the Kpn I and Xma I restriction sites. The sequence integrity of all inserts was confirmed using vector-specific primers.
Eukaryotic cell culture and transient transfection
Human SHSY-5Y and mouse N2a neuroblastoma cells were propagated in a minimal essential medium with Earle's salt, 10% fetal bovine serum, 2 mM L-glutamine, 200 IU/ml of penicillin, 200 g/ml of streptomycin and 0.1 mM non-essential amino acids (Invitrogen). Human embryonic kidney cells (HEK293) were propagated in OptiMem (Invitrogen) with 10% fetal bovine serum, 200 IU/ml of penicillin and 200 g/ml of streptomycin. For transient transfection SHSY-5Y, N2a and HEK293 cells were seeded in 24-well tissue culture dishes at 0.65 Â 10 6 , 1.2 Â 10 5 and 7.5 Â 10 5 cells/well, respectively, and allowed to recover for 24 h. Cells were co-transfected with 32 ng (HEK293, N2a) or 80 ng (SHSY-5Y) of pRL-TK plasmid containing the herpes simplex virus thymidine kinase promoter upstream of the renilla luciferase gene (Promega) and 800 ng of either one of the MAPT constructs or one of the control plasmids, using Lipofectamine 2000 (2.4 ml, Invitrogen). Empty pGL3-basic vector was used as a negative control, pGL3-Promoter plasmid as a positive control.
Luciferase activity measurements
Transfected cells were cultured for 24-30 h, washed with 1 ml phosphate-buffered saline (Invitrogen) and lysed with Passive lysis buffer (Promega). Firefly luciferase activities (LA F ) and renilla luciferase activities (LA R ) were measured sequentially using a Dual-Luciferase reporter assay system and a Veritas TM (Promega) and/or VICTOR Light (Perkin Elmer, Boston, MA, USA) Microplate Luminometer w/Dual Reagent Injectors. To correct for transfection efficiency and DNA uptake, the relative luciferase activity (RLA) was calculated as RLA ¼ LA F /LA R . The Mann -Whitney U test, a nonparametric analog to the unpaired t-test, was used to compare the RLA produced by the different transfectants.
